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Abstract: The homogeneously catalyzed reduction of
carboxylic acids with hydrogen was studied. Bimet-
allic catalysts consisting of a group 8 or 9 late
transition-metal and a second group 6 or 7 transi-
tion-metal carbonyl showed a synergistic effect allow-
ing the conversion in good yields under moderate
conditions. Besides the effect of different catalyst
precursors, the influence of temperature, hydrogen
pressure, and catalyst concentration was investigated.
An equimolar mixture of [Rh(acac)(CO)2] and

[Mo(CO)6] showed the highest activity and was
therefore applied to the reduction of lactones to
diols. The reduction potential of the catalyst was
found to be dependent on the ring size of the lactone
used. Five-membered ring lactones were hardly con-
verted to diols whereas six- and seven- membered
ring lactones reacted easily.

Keywords: bimetallic catalysts; carboxylic acids; ho-
mogeneous catalysis; hydrogenation; lactones

Introduction

Hydrogenation of fatty acids and their derivatives to
fatty alcohols is an industrially important process.
Usually this reaction is carried out with heterogeneous
copper-containing,mixed-oxide catalysts at 200 ± 300 �C
and 20 ± 30 MPa requiring expensive high-pressure
reactors.[1] Several approaches have been made using
homogeneous reduction catalysts which allow more
moderate reaction temperatures and hydrogen pres-
sures. Piacenti et al.[2] reported the use of cluster
ruthenium carbonyl hydrides to reduce saturated mon-
ocarboxylic acids up to C6 to the corresponding alcohols
at 100 ± 200 atm of hydrogen and 100 ± 200 �C.
Phosphine-modified ruthenium catalysts were used by
Elsevier et al.[3] in the reduction of esters to alcohols.
Dimethyl oxalate is reduced to ethylene glycol at 100 �C
and 70 bar hydrogen pressure with TOF×s {turn over
frequency: n(product)/[n(catalyst)� time]} up to 54 h±1.
For the case of the reduction of benzyl benzoate to
benzyl alcohol an increase in activity is observed by
using a fluorinated alcohol as solvent and triethylamine
as additive. TON×s [turn over number: n(product)/
n(catalyst)] of 2000 are possible.
Another possibility is the application of bimetallic

catalysts. There are several examples in the literature
reporting a synergistic effect by the reduction of a
carboxylic group to the corresponding alcohol. The
reduction of decanoic acid with a rhenium/osmium
bimetallic catalyst was described by Yoshino et al.[4] At
hydrogen pressures from 25 ± 100 atm and temperatures
from 100 ± 120 �Cdecanol is formed in selectivities up to

85%. Some esters and hydrocarbons were detected as
by-products. In a patent application,[5] a synergistic
effect of a heterogeneous catalyst comprised of a first
componentwhich is eithermolybdenumor tungsten and
a second component of group 8 of the periodic table is
reported. The reduction of carboxylic acids from C2 to
C12 at 200 ± 300 �Cand elevated hydrogen pressure leads
to the corresponding alcohols and esters.
Fuchikami et al.[6] introduced a bimetallic system

consisting of a group 8 ± 10 late transition metal and a
group 6 or 7 transition metal carbonyl. The group 8 ± 10
metals are used as homogeneously soluble compounds
or heterogeneously dispersed on various supports like
alumina or charcoal. Pentadecanoic acid is reduced at
140 ± 180 �Cand 100 atmhydrogen pressure giving up to
99% pentadecanol. In addition, dicarboxylic acid mon-
omethyl esters are reduced to �-hydroxycarboxylic
esters with yields in the range of 81 ± 91%.
It is well known that catalysts that are able to reduce

carboxylic acids to alcohols are also active in the
reduction of lactones to diols. We applied the reduction
catalysts to the reduction of 2-ethylheptanol (3), 2-
ethylheptan-5-olide (5) and 2-ethylheptan-4-olide (8).
All these compounds are produced by a simple synthesis
starting with a homogeneously catalyzed telomerization
of 1,3-butadiene with carbon dioxide giving the �-
lactone (1) (Scheme 1).
Biphasic hydrogenation with a rhodium/TPPTS cata-

lyst gives an isomeric mixture of the unsaturated
carboxylic acids 2.[7] Heterogeneous hydrogenation
leads to 2-ethylheptanoic acid. Heterogeneous hydro-
genation of �-lactone 1 gives a diastereomeric mixture
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of 2-ethylheptane-5-olide (5).[8] The �-lactone 7 is
produced by isomerization of 1 with a palladium/
tricyclohexylphosphine catalyst,[9] hydrogenation with
standard heterogeneous catalysts gives 8 in high yields.
Our intention is to provide a convenient reaction

pathway for the production of 2-ethylheptanol (4), 2-
ethyl-1,5-heptanediol (6), and 2-ethyl-1,4-heptanediol
(9) by simple reduction with hydrogen of the corre-
sponding precursors.
2-Ethylheptanol (4) is an interesting softener alcohol

for the production of di(2-ethylheptyl) phthalate (10)
which could be used as plasticizer[10] for PVC
(Scheme 2).
Since the commercially available product di(2-ethyl-

hexyl) phthalate (DEHP) was found to be one of the
more toxic phthalates,[11] the interest in alternative
compounds has increased. Compared to DEHP, di(iso-
nonyl) phthalate (DINP) poses no risk to human
reproduction or development. Presumably di(2-ethyl-
heptyl) phthalate is in the same way harmless due to the
same number of carbon atoms.
The products 2-ethyl-1,5-heptanediol (6) and 2-ethyl-

1,4-heptanediol (9) are interesting starting materials for
new polyesters and polyurethanes.[12]

Results and Discussion

Reduction of 2-Ethylheptanoic Acid to 2-
Ethylheptanol

At first, the reduction of 2-ethylheptanoic acid to 2-
ethylheptanol with single homogeneous or heteroge-
neous catalysts was investigated. Several rhodium- and
ruthenium-based catalysts and molybdenum hexacar-
bonyl were studied (Table 1).
Neither a single homogeneous catalyst nor a single

heterogeneous catalyst achieved yields higher than 10%
of 2-ethylheptanol (4). Within these catalysts the
ruthenium-based precursors are the more active ones.
To increase the yield of 2-ethylheptanol a second

catalyst precursor was added. The results of the bimet-
allic reduction with homogeneously dissolved catalysts
are summarized in Table 2.
Catalyst 1 consists of a transition-metal carbonyl of

group 6 or 7. Additionally, the known hydroformylation
catalyst [Co2CO8] and the non-toxic Mo(II) acetate
were used. Catalyst 2 was preferably a homogeneously
soluble rhodium compound like [Rh(acac)(CO)2] or
metals which were heterogeneously dispersed on alu-
mina or charcoal. Ruthenium compounds were applied
because of their ability to reduce carboxylic acids to
alcohols without further additives.[2]

By applying bimetallic catalysts nearly quantitative
yields are possible. Comparing the catalytic activities of
different carbonyl complexes in the bimetallic reduction
with [Rh(acac)(CO)2] as second catalyst at 200 �C and
150 bar hydrogen pressure leads to the following
sequence with decreasing activity:

Scheme 1. Telomerization of butadiene with carbon dioxide and hydrogenation giving different products.

Scheme 2. Synthesis of di(2-ethylheptyl) phthalate softener.

FULL PAPERS Anro Behr, Volker A. Brehme

526 Adv. Synth. Catal. 2002, 344, 525 ± 532



[Mo(CO)6]� [Re2(CO)10]� [Mn2(CO)10], [W(CO)6],
[Cr(CO)6]� [Co2(CO)8].

Molybdenum hexacarbonyl together with [Rh(acac)-
(CO)2] gives the highest yields of 2-ethylheptanol (4).
Rhenium carbonyl also shows acceptable activities in
bimetallic catalysis. The reductions with other carbonyls
are rather slow, so that their applicationdoes not seem to
be useful. The non-toxic molybdenum acetate as well as
the cheap cobalt carbonyl are not alternatives because
the yields are too poor.
Using group 8 or 9 precursors in combination with the

most powerful carbonyl compound, [Mo(CO)6], the
following sequence with decreasing activity is obtained:

[Rh(acac)(CO)2]� [Rh(II)acetate]� [Ru(acac)3]�
[Rh(acac)3]�[Co2(CO)8]�[Rh(cod)Cl]2, [RhCl3 ¥3 H2O].

Compared to [Rh(acac)3] used by Fuchikami et al.,[6] the
activity of [Rh(acac)(CO)2] is much higher. In general,
complexes with oxygen-donor ligands like acetate or
acetylacetonate show the best activity in the reduction
of carboxylic acids. Surprisingly, [Rh(cod)Cl]2, an ex-
cellent catalyst precursor[13] for isomerizations and
hydrogenations,[14] is inactive in this type of reaction,
probably because of the high dissociation energy of the
rhodium-chlorine bond. Furthermore, due to the elec-
tronegativity of the chlorine ligands, the electrondensity
at the rhodium atom is substantially reducedmaking the

Table 1. Reduction of 2-ethylheptanoic acid with homogeneous and heterogeneous catalysts.[a]

Run Catalyst Temperature [�C] Pressure H2 [bar] Conversion (3) [%] Yield (4) [%]

1/1 [Mo(CO)6] 200 150 2 2
1/2 [Rh(acac)(CO)2] 200 150 0 0
1/3 [Ru(acac)3] 200 150 5 5
1/4 Rh/C 200 150 0 0
1/5 Rh/Al2O3 200 150 0 0
1/6 Ru/C 200 150 10 10

[a] Conditions: time t� 2 h, stirrer velocity� 600 rpm; m(3)� 2 g; n(3)� 12.6 mmol, n(catalyst)� 0.126 mmol� 1 mol %;
m(dioxane)� 40 g.

Table 2. Reduction of 2-ethylheptanoic acid (3) with homogeneous bimetallic catalysts.

Run Catalyst 1 Catalyst 2 Temperature [�C] Pressure H2 [bar] Time [h] Yield (4) [%]

2/1 [Mo(CO)6] [Rh(acac)(CO)2] 150 150 4 37
2/2 [Mo(CO)6] [Rh(acac)(CO)2] 150 150 20 84
2/3 [W(CO)6] [Rh(acac)(CO)2] 150 150 4 0
2/4 [Re2(CO)10] [Rh(acac)(CO)2] 150 150 4 9
2/5 [Cr(CO)6] [Rh(acac)(CO)2] 200 150 2 3
2/6 [Mo(CO)6] [Rh(acac)(CO)2] 200 50 2 0
2/7 [Mo(CO)6] [Rh(acac)(CO)2] 200 75 2 16
2/8 [Mo(CO)6] [Rh(acac)(CO)2] 200 100 2 39
2/9 [Mo(CO)6] [Rh(acac)(CO)2] 200 150 2 88
2/10 [Mo(CO)6] [Rh(acac)(CO)2] 200 150 4 99
2/11 [Mo(OAc)2]2 [Rh(acac)(CO)2] 200 150 2 5
2/12 [W(CO)6] [Rh(acac)(CO)2] 200 150 2 4
2/13 [Mn2(CO)10] [Rh(acac)(CO)2] 200 150 2 6
2/14 [Re2(CO)10] [Rh(acac)(CO)2] 200 150 2 62
2/15 [Co2(CO)8] [Rh(acac)(CO)2] 200 150 2 0
2/16 [Mo(CO)6] [Ru(acac)3] 200 150 2 28
2/17 [Mo(CO)6] [Co2(CO)8] 200 150 2 6
2/18 [Mo(CO)6] [RhCl3 ¥ 3 H2O] [a] 200 150 2 0
2/19 [Mo(CO)6] [Rh(cod)Cl]2 200 150 2 0
2/20 [Mo(CO)6] [Rh(OAc)2]2 200 150 2 48
2/21 [Mo(CO)6] [Rh(acac)3] 200 150 2 11
2/22[b] [Mo(CO)6] [Rh(acac)(CO)2] 190 150 4 95

acac: acetylacetonate; OAc: acetate; cod: cyclooctadiene. Conditions: stirrer velocity� 600 rpm; m(3)� 2 g; n(3)�
12.6 mmol; n(catalyst 1)� n(catalyst 2)� 0.126 mmol (�1 mol %); m(dioxane)� 40 g.
[a] To dissolve [RhCl3� 3 H2O] in dioxane 0.27 g water (0.015 mol) were added.
[b] m(3)� 15.0 g; n(3)� 94,.8 mmol; n(catalyst 1)� n(catalyst 2)� 0.474 mmol (�0.5 mol %); m(dioxane)� 85 g.
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oxidative addition of hydrogen more difficult. For that
reason [RhCl3� 3 H2O] is inactive, too.
At higher temperatures hydrocarbons are formed in

small amounts as the only by-products, while no esters
could be detected. To determine the quantity of hydro-
carbons in the reaction mixture a sample was analyzed
without further distillation (seeRun2/22) byGCwith an
internal standard. The amount of hydrocarbons is in the
range of 5% (GC). Additionally, when the product is
distilled a 92% yield (12.57 g) of 2-ethylheptanol (4) is
obtained.
Using a second, high boiling solvent like propylene

carbonate or a long chain hydrocarbon, the product as
well as the dioxane can be distilled from the reaction
mixture. The catalyst remains in solution and therefore
can be recycled, however with decreasing activity.
The results of the reductions with a homogeneously

dissolved carbonyl complex and a second heterogene-
ous catalyst are shown in Table 3.
The yields are not as high as for the completely

homogeneously catalyzed reactions. Nevertheless, the
heterogeneous compounds have a synergetic effect,
accelerating the catalysis. So far, it is not proven where
the reaction takes place. One possibility is a reaction at
the surface of the heterogeneous catalyst. On the other
hand, the reaction could be homogeneously catalyzed
because of leaching of the highly dispersed metal.
Another bimetallic catalyst applied in the reduction of

2-ethylheptanoic acid is the rhenium/osmium oxide
system, described by Yoshino et al.[4] The experimental
results with this bimetallic system are shown in Table 4.
This Re/Os catalyst reduces 2-ethylheptanoic acid

with considerable activity. After 2 h at 200 �C and
100 bar hydrogen pressure 55% of 2-ethylheptanol are
produced. This yield is even superior to the Rh/Mo-
catalyzed reduction at this pressure. However, handling

of the highly toxic osmium tetroxide is not convenient
for industrial applications.No information is given in the
literature whether this reaction is catalyzed homoge-
neously or heterogeneously.

Reduction of Lactones to Diols

Catalysts that are able to reduce carboxylic acids to
alcohols are also active in the reduction of lactones, thus
yielding diols. This reaction was carried out using the
most active bimetallic catalyst system, the mixture of
[Rh(acac)CO)2] and [Mo(CO)6]. The reactants were 2-
ethylheptan-5-olide and 2-ethylheptan-4-olide which
are produced from butadiene, carbon dioxide, and
hydrogen (see Scheme 1). Additionally, the commer-
cially available lactones �-butyrolactone, �-valerolac-
tone, �-valerolactone, and �-caprolactone were used.

Reduction of 2-Ethylheptan-5-olide to 2-Ethyl-1,5-hep-
tanediol

The reduction of 2-ethylheptan-5-olide (5) with hydro-
gen in the presence of an Rh/Mo bimetallic catalyst
leads to 2-ethyl-1,5-heptanediol (6). 2-Ethylheptanol
(4) and 6-methyl-3-octanol (11) can be formed in an
undesired consecutive reaction (Scheme 3).
The results of the reduction of 2-ethylheptan-5-olide

(5) are shown in Table 5. The reaction was investigated
with respect to temperature, hydrogen pressure, catalyst
concentration, and rhodium/molybdenum ratio.
The highest yield is reached at 190 �C and 150 bar

hydrogen pressure (Run 5/6). After two hours a 97%
yield of 6 is achieved. Longer reaction times lead to
product decomposition and alcohol formation (Run 5/7).

Table 3. Reduction of 2-ethylheptanoic acid with homogeneous/heterogeneous bimetallic catalysts.

Run Catalyst 1 Catalyst 2 Temperature [�C] Pressure H2 [bar] Time t [h] Yield (4) [%]

3/1 [Re2(CO)10] Rh/Al2O3 150 130 4 13
3/2 [Mo(CO)6] Rh/Al2O3 200 150 2 21
3/3 [Mo(CO)6] Rh/Al2O3 200 150 2 27
3/4 [Mo(CO)6] Rh/C 200 150 2 14
3/5 [Mo(CO)6] Ru/C 200 150 2 69

Conditions: stirrer velocity� 600 rpm; m(3)� 2 g; n(3) � 12,.6 mmol; n(catalyst 1)� n(catalyst 2)� 0.126 mmol (�1 mol %);
m(dioxane)� 40 g.

Table 4. Reduction of 2-ethylheptanoic acid (3) with rhenium/osmium bimetallic catalysts.

Run Catalyst 1 Catalyst 2 Temperature [�C] Pressure H2 [bar] Yield (4) [%]

4/1 Re(VII) oxide Os(VIII) oxide 120 150 4
4/2 Re(VII) oxide Os(VIII) oxide 150 100 14
4/3 Re(VII) oxide Os(VIII) oxide 200 100 55

Conditions: time t� 2 h; stirrer velocity� 600 rpm; m(3)� 2 g; n(3)� 0.0126 mol; m(catalyst)� 62.7 mg; m(dioxane)� 40 g.
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Decreasing the hydrogen pressure from 150 to 100 bar
influences the yield of 6 slightly whereas at 50 bar only
38% product is formed. The ratio of the two transition-
metal precursors strongly influences the catalyst activ-
ity. Lowering the rhodiumamount leads to a great loss of
activity, whereas the influence of a lower molybdenum
amount is smaller. Presumably, the main catalytic
reaction occurs at the rhodium central atom, which is
activated by the molybdenum compound. The overall
hydrocarbon formation is low. To determine the quan-
tity of hydrocarbons in the reaction mixture a sample
was analyzed without further distillation (see Run 5/18)
by GC with an internal standard. Only traces of hydro-
carbons were detected.

Reduction of 2-Ethylheptan-4-olide to 2-Ethyl-1,4-hep-
tanediol

The reduction of 2-ethylheptan-4-olide (8) to 2-ethyl-
1,4-heptanediol (9) (Scheme 4) is performed analogous-
ly to the reduction of the six-membered ring lactone 2-
ethylheptan-5-olide (5) with the [Rh(acac)(CO)2]/
[Mo(CO)6] catalyst.
The desired main product is 2-ethylheptane-1,4-diol

(9), whereas theby-products are 2-ethylheptanol (4) and
6-methyl-4-octanol (12). In addition, a remarkable
amount of hydrocarbons is formed. Several reactions
with bimetallic rhodium/molybdenum catalyst have
been carried out, as summarized in Table 6.

Scheme 3. Reduction of 2-ethylheptan-5-olide to 2-ethyl-1,5-heptanediol.

Table 5. Reduction of 2-ethylheptan-5-olide (5) with rhodium/molybdenum catalysts.

Conditions Conversion [wt %] Yield Products in wt % Catalyst

Run Tem-
perature [�C]

Pressure
H2 [bar]

(5) 6 4 11 [Mo(CO)6]
[mol %]

[Rh(acac)(CO)2]
[mol %]

Ratio
Mo/Rh

5/1 140 150 0 0 0 0 1.0 1.0 1.0
5/2 150 150 8 8 0 0 1.0 1.0 1.0
5/3 160 150 33 33 0 0 1.0 1.0 1.0
5/4 170 150 48 48 0 0 1.0 1.0 1.0
5/5 180 150 92 92 0 0 1.0 1.0 1.0
5/6 190 150 97 97 0 0 1.0 1.0 1.0
5/7 200 150 100 75 11 14 1.0 1.0 1.0
5/8 180 50 38 38 0 0 1.0 1.0 1.0
5/9 180 100 97 92 2 3 1.0 1.0 1.0
5/10 180 150 92 88 2 2 0.5 0.5 1.0
5/11 180 150 41 40 0 0 0.1 0.1 1.0
5/12 180 150 19 19 0 0 1.0 0.33 3.0
5/13 180 150 13 13 0 0 1.0 0.50 2.0
5/14 180 150 90 62 7 21 0.20 1.0 0.20
5/15 180 150 100 53 14 33 0.33 1.0 0.33
5/16 180 150 79 55 8 16 0.50 1.0 0.50
5/17[a] 180 150 100 96 2 2 1.0 1.0 1.0
5/18[b] 170 100 87 80 0 7 0.5 0.5 1.0

Conditions: stirrer velocity� 600 rpm, t� 2 h, m(solvent� dioxane)� 40 g, m[2-ethylheptan-5-olide (5)]� 2 g.
[a] Reaction time� 5h.
[b] Reaction time� 4 h, m(solvent)� 85 g, m(5)� 15 g.

Scheme 4. Reduction of 2-ethylheptan-4-olide to 2-ethyl-1,4-heptanediol.
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The yields of 2-ethylheptane-1,4-diol (9) are, how-
ever, rather low.At longer reaction times the conversion
increases causing the formation of by-products like
alcohols and hydrocarbons. An increase in product
formation is hardly achieved. The reason is the higher
thermodynamic stability of five-membered lactone
rings compared to six-membered rings[9]. Hence, more
thermal energy is necessary to open the lactone ring,
which simultaneously causes decomposition of the
product. For that reason the yield of product 9 does
not increase either at higher temperatures or at longer
reaction times.

Comparison of the Reduction of Commercially
Available Lactones

The rhodium/molybdenum catalyst was applied to the
reduction of �-butyrolactone (13), �-valerolactone (14),
�-valerolactone (15), and �-caprolactone (16)
(Scheme 5). The products are the corresponding diols

1,4-butanediol (17), 1,4-pentanediol (18), 1,5-pentane-
diol (19), and 1,6-hexanediol (20).
The reduction is carried out at 150 �C and 100 bar

hydrogen pressure. Conversions and yields are summar-
ized in Table 7.
The reduction of these lactones is easier compared to

2-ethylheptan-5-olide (5) and 2-ethylheptan-4-olide (8)
because they are not branched in the �-position to the
carboxylic group and therefore sterically less hindered.
Additionally, the reactivity of the reactants depends on
the ring size of the lactone: the two �-lactones are more
difficult to reduce than the �- or �-lactone, confirming
the observation made previously.

Conclusion

On searching for new bimetallic homogeneous reduc-
tion catalysts, an equimolarmixture of [Rh(acac)(CO)2]
and [Mo(CO)6] showed the highest activity. This catalyst
is very active in the reduction of carboxylic acids to

Table 6. Reduction of 2-ethylheptan-4-olide (6) with rhodium/molybdenum catalysts.

Run Tem-
perature [�C]

Pressure
H2 [bar]

Time
[h]

Conversion
(8) [%]

Yield Hydro-
carbons [%]

Yield
(12) [%]

Yield
(4) [%]

Yield
(9) [%]

6/1 180 100 2 14 3 11 0 0
6/2 180 150 2 12 0 8 2 2
6/3 180 150 5 39 9 15 4 11
6/4 180 150 20 72 52 0 5 15

Conditions: m[2-ethylheptan-4-olide (6)]�2 g, m(solvent�dioxane)�40 g, n(catalyst 1)�n(catalyst 2)�0.126 mmol (�1 mol %);
m(dioxane)� 40 g.

Scheme 5. Reduction of commercially available lactones.

Table 7. Reduction of commercially available lactones with rhodium/molybdenum catalysts.

Run Lactone Conversion Lactone [%] Products [%]
Hydrocarbons Alcohol Diol

Selectivity
Diol [%]

7/1 �-Butyrolactone (13) 67 0 10 57 85
7/2 �-Valerolactone (14) 54 4 7 43 80
7/3 �-Valerolactone (15) 100 6 19 75 75
7/4 �-Caprolactone (16) 86 0 7 79 92

Conditions: m(lactone)�5 g, m(dioxane)�50 g, n(Rh)�n(Mo)�0.25 mol %, temperature�150 �C, p(H2)�100 bar, t�3 h.
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monoalcohols and also in the reduction of lactones to
diols. The advantages compared to heterogeneous
copper chromite reductions are the higher yields and
the milder reaction conditions. Additionally, the prep-
aration of the catalyst is very simple: the active species is
formed in situ by dissolving the two commercially
available precursors in polar solvents, e.g., dioxane.
Non-branched lactones could be reduced at low catalyst
concentrations (0.25 mol %) as well as low hydrogen
pressures (100 bar)with high activity. TOF×s in the range
of 100 ± 200 h±1 are achieved.

Experimental Section

General

All chemicals which were commercially available were used
without further purification. 1,4-Dioxane with a water content
�0.05 % was used. The products were identified and charac-
terized by MS, GC/MS, 1H NMR and 13C NMR.

General Procedure

In a typical experiment, 32.6 mg (1.26� 10±4 mol) [Rh(acac)-
(CO)2], 33.4 mg [Mo(CO)6] (1.26� 10±4 mmol), and 2.00 g
(1.26� 10±3 mol) of 2-ethylheptanoic acid (3) were dissolved in
40 g 1,4-dioxane in a Schlenk tube and transferred into an
evacuated 300-mL stainless steel autoclave. The vessel was
pressurized with 120 bar hydrogen and heated up to 200 �C
within 20 min leading to a hydrogen pressure of 150 bar at
reaction temperature. The reaction time of 2 h was taken after
accelerating the stirrer to 700 rpm. After the reaction mixture
was cooled to room temperature the solvent was evaporated.
The product was separated from the catalyst by vacuum
distillation. A sample of the products was taken and analyzed
by gas chromatography with undecyl acetate as internal
standard and acetonitrile as solvent.

[OsO4]/[Re2O7] Catalyst

The catalyst was prepared according to[4] by mixing rhenium
heptoxide [Re2O7] (0.5 g, 1� 10±3 mol), osmium tetroxide
[OsO4] (1.0 g, 4� 10±3 mol) and succinic acid (0.87 g, 7.4�
10±3 mol) in ethyl acetate (26 g). The reduction was carried
out at a temperature of 140 �C and at 100 atm of hydrogen
pressure in 1 h. The catalyst was filtered and washed several
times with ethyl acetate.

2-Ethylheptan-5-olide (5)

Telomerization of carbon dioxide with 1,3-butadiene gave 2-
ethylidene-5-hepten-6-olide[10] that was hydrogenated at
10 bar and 60 �C in THF with a commercial Pd/C catalyst.
Separation by extraction and distillation gave a mixture of the
isomeric 2-ethylheptan-5-olides in yields up to 95%.

2-Ethylheptan-4-olide (8)

Telomerization of carbon dioxide with 1,3-butadiene at longer
reaction times gave 2-ethyldidene-4-hepten-5-olide[9] that was
hydrogenated at 10 bar and 60 �C in THF with a commercial
Pd/C catalyst. Separation by extraction and distillation gave 2-
ethylheptan-4-olides in yields up to 95%.

2-Ethylheptanoic Acid (3)

Telomerization of carbon dioxide with 1,3-butadiene gave 2-
ethyldidene-5-hepten-6-olide that was hydrogenated at 10 bar
and 110 �C with a water-soluble rhodium-tppts (tppts� tri-
phenylphosphinetrisulfonate sodium salt) catalyst giving a
mixture of the corresponding unsaturated C9 acids[7]. These
acidswere hydrogenated at 10 bar and60 �C inmethanolwith a
commercial Pd/C catalyst giving 2-ethylheptanoic acid in
quantitative yield.

Characterization

2-Ethylheptan-5-olide: diastereomer in square brackets:
1H NMR (400 MHz, CDCl3): ��4.13 [4.12] [-CH2-CH(C2H5)-
O-CO-, m, 1H], 2.30 [2.27] [-CH(C2H5)-CO-O-, m, 1H], 2.02�
1.50 [1.98� 1.58] (-CH2-CH-O-CO-, m, 2H), 1.94� 1.48
[1.95� 1.58] [-CH2-CH(C2H5)-CO-O-, m, 2H], 1.88� 1.62
[1.90� 1.62] [-CH(CH2-CH3)-CO-O-, m, 2H], 1.66� 1.62
[1.65� 1.60] [-CH(CH2-CH3)-O-CO-, m, 2H], 0.92 [0.93]
[-CH(CH2-CH3)-CO-O-, t, 3J(H,H)� 7.5 Hz, 3H], 0.92 [0.88]
[-CH(CH2-CH3)-O-CO-, t, 3J(H,H)� 7.5 Hz, 3H]; 13C{1H}
NMR (100 MHz, CDCl3): �� 175.85 [174.04], 79.49 [82.72],
39.63 [42.31], 28.49 [29.35], 26.44 [28.52], 24.06 [25.10], 23.09
[25.10], 11.76 [11.24], 9.77 [9.41]; MS: m/e� 156 [M�] (1), 128
(100), 127 (43), 110 (16), 99 (16), 98 (12), 83 (18), 81 (56), 73
(32), 70 (95), 69 (22), 57 (35), 56 (84), 55 (87), 43 (29), 42 (28), 41
(57), 39 (16), 32 (15).

2-Ethylheptan-4-olide: 1H NMR (400 MHz, CDCl3): ��
4.23 [-CH(C3H7)-O-CO-, m, 1H], 2.41 [-O-CO-CH(C2H5)-
CH2,m, 1H], 2.32� 1.41 [-CO-O-CH(CH2-CH2-CH3)-,m, 2H],
1.77� 1.45 [-O-CO-CH(CH2-CH3)-, m, 2H], 1.57� 1.48 [-O-
CO-CH(C2H5)-CH2-, m, 2H], 1.32 [-CO-O-CH(CH2CH2-CH3)-,
m, 2H], 0.84 [t, 3J(H,H)� 7.5 Hz, 3H], 0.82 [t, 3J(H,H)�
7.4 Hz, 3H]; 13C{1H} NMR (100 MHz, CDCl3): �� 178.6,
78.3, 42.0, 37.3, 34.3, 22.9, 18.3, 13.5, 11.2; MS: m/e� 156 [M�]
(4), 128 (45), 113 (100), 110 (10), 85 (22), 83 (13), 70 (23), 69
(17), 67 (17), 57 (22), 56 (38), 55 (39), 43 (28), 42 (14), 41 (45), 39
(11).

2-Ethylheptanoic acid [3274-29-1]: 1H NMR (400 MHz,
CDCl3): �� 11.77 (s, 1H), 2.29 (m, 1H), 1.58 (m, 2H), 1.50
(m, 2H), 1.41 (m, 2H), 1.24 ± 1.30 (m, 4H), 0.89 [t, 3J(H,H)�
7.4 Hz, 3H], 0.83 [t, 3J(H,H)� 7.1 Hz, 3H]; 13C{1H} NMR
(100 MHz, CDCl3): �� 183.4, 47.2, 31.7, 31.7, 27.0, 25.2, 22.5,
13.9, 11.7. MS: m/e� 158 [M�] (3), 130 (11), 101 (26), 88 (100),
87 (13), 73 (54), 55 (11), 43 (14), 41 (15).

2-Ethylheptanol [817-60-7]: 1H NMR (400 MHz, CDCl3):
�� 3.47 [d, 3J(H,H)� 5.1 Hz, 1H], 1.52 (s, 1H), 1.22 ± 1.37 (m,
12H), 0.83 [t, 3J(H,H)� 7.2 Hz, 3H], 0.82 [t, 3J(H,H)� 7.1 Hz,
3H]; 13C{1H} NMR (100 MHz, CDCl3): �� 65.2, 42.0, 32.2,
30.4, 26.5, 23.0, 22.6, 14.1, 11.1; MS: m/e� 144 [M�] (1), 126
(15), 98 (13), 97 (36), 84 (26), 83 (26), 71 (81), 70 (49), 69 (18), 57
(100), 56 (30), 55 (48), 43 (75), 42 (11), 41 (43).
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2-Ethyl-1,5-heptanediol: 1H NMR (400 MHz, CDCl3): ��
3.57 (m, 1H), 3.55 (m, 1H), 3.35 (s, 2H), 1.39 (m, 6H), 1.25 (m,
4H), 0.93 [t, 3J(H,H)� 7.5 Hz, 3H], 0.89 [t, 3J(H,H)� 7.5 Hz,
3H]; 13C{1H} NMR (100 MHz, CDCl3) diastereomer in square
brackets: �� 73.30 [73.81], 64.88 [64.48], 41.73 [42.32], 33.18
[34.00], 30.28 [30.39], 26.04 [26.62], 23.52 [23.96], 11.44 [11.49],
10.18 [10.12]; MS: m/e� 160 [M�] (1), 113 (48), 112 (40), 95
(99), 89 (37), 85 (15), 84 (23), 83 (20), 72 (26), 71 (18), 70 (31), 69
(100), 68 (10), 67 (12), 59 (71), 57 (76), 55 (64), 45 (11), 43 (61),
42 (18), 41 (65), 39 (12).

2-Ethyl-1,4-heptanediol [15966-04-8]: 1H NMR (400 MHz,
CDCl3): �� 4.85 (s, 2H), 3.62 (m, 2H), 3.34 [t, 3J(H,H)�
8.1 Hz, 1H], 1.23 ± 1.56 (m, 9H), 0.92 [t, 3J(H,H)� 6.8 Hz,
3H], 0.90 [t, 3J(H,H)� 7.5 Hz, 3H]; 13C{1H} NMR (100 MHz,
CDCl3): �� 70.9, 66.1, 41.1, 40.9, 40.4, 25.2, 18.8, 13.9, 11.1;MS:
m/e� 160 [M�] (1), 117 (38), 113 (10), 112 (34), 99 (92), 83 (14),
81 (41), 73 (21), 72 (40), 71 (21), 69 (20), 57 (47), 56 (20), 55
(100), 43 (84), 42 (33), 41 (40), 39 (10).
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